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frequency side of the Fabry-Perot peak. All the other gates 
can be constructed using NOR gates. 
In conclusion, we have demonstrated for the first time 
~l-ps operation of an optical NOR gate using a GaAs-
AIGaAs nonlinear etalon at room temperature and a femto-
second laser system. These measurements show that an eta-
Ion transmission peak can be shifted in ~ 1 ps. The NOR 
gate contrast is only ~2.5 because our probe pulses are 
shorter than the cavity response time of the etalon, which 
broadens the Fabry-Perot peaks, giving lower contrast for 
the same shift. Shorter cavities or longer (still subpicose-
cond) pulses will alleviate this problem. Recently a similar 
device exhibited a contrast of more than 6 to 1 at a 82-MHz 
rate with less than 3 pJ of energy incident on a 5-1O-,um 
diameter. 10 
The measured speed of this gate also suggests that simi-
lar MQW or bulk GaAs bistable switches should have the 
same switch-on times (the fastest measured switch-on time 
previously reported II for a bistable device is detector-limited 
200 ps). Even though the gate speed is 1 ps, the next oper-
ation cannot be made for a few nanoseconds, because it takes 
that long for the free carriers to recombine or diffuse out of 
the illuminated region and allow the index of refraction to 
return to its initial value. This limits the cycling rate to a few 
hundred magahertz, but 106 pixels on a l-cm2 etalon simul-
taneously operating at 100 MHz yields 10 14 operation per 
second. Carrier recombination times in GaAs have been sig-
nificantly reduced by doping, proton bombardment, and 
surface recombination; such techniques have not been tried 
for nonlinear etalons. 
An array of such devices on the same etalon would al-
low parallel logic operations and may also be used as an all-
optical addressable spatial light modulator. 
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Optical properties of HgTe-CdiTe super~attgces 
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The first theoretical calculation of the optical properties of HgTe-CdTe superlattices is presented. 
The envelope function method is used to obtain the supertattice band structure, and then an 
interpolation scheme is employed to compute E2(W) the imaginary part of a dielectric function. The 
major conclusion is that the optical properties of the superlattice near the band edges are such that 
the absorption may be comparable to or ever larger than that in the alloys. 
Superlattices of HgTe-CdTe have been proposed as a 
novel material for application as infrared materials 1.2 and 
experimental studies of the properties of these superlattices 
are now beginning.3- 5 These man-made systems have the 
advantage of aUowing us to adjust a number of the properties 
of the material so that the interesting features are near opti-
mum for a given application in the infrared. The near band-
edge optical properties of such superlattices are very impor-
'1 Present address: Xerox Webster Research Center, Webster. NY 14580. 
tant for the applications that are envisioned. In this letter, we 
report the first treatment of the near band-edge optical prop-
erties of the HgTe-CdTe supertattices. 
The band-edge features for the valence band and con-
duction band of HgTe and CdTe are shown in Fig. 1. The 
valence-band edges are aligned to reflect the best estimate of 
the valence-band offset. Following the pioneering work of 
Schulman and McGill 1.6 on HgTe-CdT e superlattices and in 
keeping with the recent measurement of the band offset,S we 
assume that the valence-band offset is zero. Other important 
72 Appl. Phys. Lett. 46 (1), 1 January 1985 0003·6951/85/010072·03$01.00 © 1985 American Institute of Physics 72 
Downloaded 16 Jan 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
i 
>-0 
0::: 
W 
Z 
W 
BAND STRUCTURES OF 
BULK SEMICONDUCTORS 
r.~ /,\re 
r6~ ~r 
r~ 7 
7 
HgTe CdTe 
WAVE VECTOR-
FIG. I. Energy band structure for HgTe and CdTe near the center of the 
Brillouin zone for HgTe-CeTe superlattices. Band offsets and symmetries of 
bulk states are also shown. 
features in this figure are that CdTe is a wide semiconductor; 
whereas HgTe is a symmetry-induced zero gap semiconduc-
tor. In CdTe, the states at the valence-band maximum and at 
the conduction-band minimum have r~ and r6 symmetries, 
respectively. However, in HgTe the states at the valence-
band maximum and at the conduction-band minimum both 
have r K symmetry. The states of r6 symmetry he below the 
rg edge in HgTe. The interband optical matrix element in 
HgTe at k = 0 is given by (rxiPlrx)' This matrix element, 
while not zero, is known to be small. The optical absorption 
in CdTe is governed by (rbpTx) which is quite large. 
In the superJattice the near band-edge states are made 
up of predominantly rs states in the HgTe and CdTe with 
some admixing of the r b states. Hence, it is a very legitimate 
question to ask how big the optical absorption of the super-
lattice is in comparison to that of the Hgx Cd I _ x Te alloy. 
Our theoretical calculations are based upon the second-
order k.p method with spin-orbit sp1itting included. Details 
concerning the application of a general k·p method to super-
lattices have been given elsewhere. 7 For near band-edge ab-
sorption, Kane's eight-band model8 is adequate for the pres-
ent calculation. 
Both solids are described by eight basis functions which 
inc:lude the states with rr" r 7, and r R symmetry at the zone 
center. Using the above basis set, the second-order k·p Ha-
miltonian is then constructed for each solid. Some of the 
parameters in the Hamiltonian for each material are Eo the 
fundamental p-s energy gap at the r point, Llo the spin-orbit 
splitting of the valence band at r. and Ep which is related to 
the square of the interband momentum matrix element. The 
effect of other bands not included in the basis set, namely, the 
second-order correction, is incorporated within our model 
through Luttinger valence-band parameters. Following 
Lawaetz,9 we took E~dTe = 1.60 eV, E~gte = - 0.303 eV, 
Ll CdT. = 0.91 ev Ll HgTe = 100 eV ECdTe = 20 7 eV E HgTe o '0" p .,. p 
73 Appl. Phys. Lett .• Vol. 46. No.1. 1 January 1985 
= 18.0 eV, r~dTe = 5.29, ~gTe = 18.68, r~Te = 1.89, I1gTe 
= 10.19, r~dTe = 2.46, ;1gT. = _ 9.56, KCdTe = 1.27, ~gTe 
= 10.85, qCdT. = 0.05, qHgTe = 0.06. 
The lattice constants of HgTe and CdTe are not exactly 
the same (d HgTe = 6.462 A and d CdTe = 6.482 A).IO The dif-
ference in lattice constants implies that the layers in the su-
perlattice are strained. Since experimental superlattices are 
frequently grown on a CdTe substrate, the lattice constant of 
the overall structure is that of the CdTe, and the strain is in 
the HgTe layers. We have made estimate of the effect of this 
strain in the superlattice and find that it will result in shift in 
energy of some of the bands by about 10 meV. 11 However, it 
does not made qualitative changes in the optical properties. 
Hence. we have taken the strain to be zero here. The overall 
effects of strain will be dealt with in a future publication. 
We would like to stress that second-order terms in the 
k-p Hamiltonian were used for two major reasons: (i) it re-
stores the negative effective mass for the heavy-hole states 
and (ii) it provides the necessary number of bulk solutions to 
match the superlattice wave function and its derivative 
across the superlattice interfaces. The fact that the latter 
condition has to be realized has been recognized by White 
and Sham l2 in their study of semiconductor heterostruc-
tures. 
The superlattice wave functions are expanded in terms 
of the solutions to the bulk Hamiltonian corresponding to a 
given energy and wave vector parallel to the superlattice in-
terfaces. These solutions may have either real or complex 
components of the wave vectors normal to the superlattice 
interface. In other words, all the band and gap states are 
included in the expansion set. Following the approximations 
of White and Sham, 12 we assume that the zone-center basis 
functions in the two materials are linearly independent when 
projected onto the interface plane and that the basis func-
tions are the same in the two materials. Both the wave func-
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FIG. 2. Predicted E~ vs photon energy. The superlattice is made up of an 
alternating structure consisting oflayers of HgTe 38.5 A thick and layers of 
CdTe 38.5 A thick. The superlattice has a band gap of 0.233 eV. For com-
parison, E j for the alloy of the same gap is also plotted. 
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FIG. 3. Predicted E~ vs photon energy. The superJattice is made up of an 
alternating structure consisting oflayers of HgTe 70.6 A thick and layers of 
CdTe 70.6 A thick. The superlattice has a band gap of 0.107 eV. For com-
parison, E~ for the alloy of the same gap is also plotted. 
tion and its derivative are required to be continuous across 
the interface and the wave function is required to satisfy 
Bloch's theorem. These boundary conditions result in a su-
perlattice band structure. 
We found that the superlattice band structure is qual-
itatively different from that of the bulk due to both band 
folding and the reduction of spherical symmetry to cylindri-
cal symmetry. Superlattice energy band structures are char-
acterized by flat subbands and high joint densities of states. 
Therefore, high optical absorptions are expected provided 
that momentum matrix elements are not too small. 
The results of this band structure calculation have been 
used to calculate C2(W), the imaginary part of the dielectric 
function for the electric field polarized parallel and perpen-
dicular to the interface ei (w) and eM (UJ), respectively. To com-
pute e2(UJ), we adopted an interpolation scheme similar to 
that used by Raubenheimer and Gilat. 13 
To carry out a meaningful comparison with the alloys, 
we have calculated the value of C2(W) for the alloy by using a 
virtual crystal approximation and a two-band model given 
by Kane. R An approximate square-root dependence of e2(W) 
on the difference between the photon energy and the band 
gap was obtained. 
The results of our study are presented in Figs. 2 and 3, 
we have plotted the near band-edge values of e~ (wI for a wide 
band-gap superlattice made up of 38.5-A-thick layers of 
74 Appl. Phys. Lett., Vol. 46, NO.1, 1 January 1985 
HgTe alternating with 38.5-A-thick layers ofCdTe. The re-
sulting superlattice has a band gap at 0.233 eV. For compari-
son, the results for an alloy with the same band gap. are 
shown. The important result of this calculation is that the 
magnitude of E~ (w) for the superlattice is very comparable to 
that of the aHoy. 
In Fig. 3, we present the results for a superlattice con-
taining 70.6-A-thick layers of HgTe and 70.6-A-thick layers 
of CdTe in one unit cell. This superlattice has a small band 
gap about equal to 0.107 e V. The exciting results are that the 
superlattice has optical value of E~ (w) that is l.arger than that 
found for the alloy. 
It was found that ei (w) for superlattices is small due to 
the small matrix element (r6 iPl\rR). However, e~(w) is 
more interesting and should have our attention. 
The major conclusions of this study are that the optical 
properties of the superlattice near the band edges are such 
that the absorption may be comparable to or even bigger 
than that in the alloys. Further, the fact that the same band 
gap can be obtained for a number of different thicknesses 
means that it is possible to adjust the optical properties 
somewhat independent of the band gap. 
We gratefully acknowledge the support of the Army 
Research Office under contract No. DAAG29-83-K-OI04. 
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